ABSTRACT The amino acid sequence of the heavy chain of HLA-DR antigens has been elucidated from the analysis of a genomic clone coding for this protein. A also be serologically defined. In the mouse, the I-E antigens are structurally and functionally homologous to the HLA-DR antigens and have been genetically mapped to the I region of the 17th chromosome. These Ia antigens, which include the related I-A locus product, are the products of the immune response genes. These genetic loci were first defined by the capacity of different strains of mice to produce an antibody response to. a defined protein antigen. It was later shown that the I-region antigens are expressed on the surface of antigen presenting cells (macrophages) and together with "antigen" stimulate I-region-restricted T helper cells to proliferate. However, the site and mechanism of action of the Ir gene effect remains to be fully clarified (2, 3).
croglobulin, and the HLA-DR light chain. These results support a structure for the HLA-DR antigen heterodimer consisting of four extracellular domains, two of which are Ig-like [one in the heavy chain (a2) and one in the light chain ((p2) ]. The third is the amino-terminal polymorphic domain in the light chain (PI), and the fourth is an invariant domain in the heavy chain (al).
The HLA-DR antigens, also called DR antigens, are two-chain membrane glycoproteins consisting of a 34,000-dalton heavy chain in noncovalent association with a 29,000-dalton light chain(s) (reviewed in ref. 1) . The heavy chain is invariant between individuals whereas the light chain(s) is polymorphic. Differences in these antigens are responsible for proliferation in the mixed lymphocyte reaction. The DR antigens are transplantation antigens that can also be serologically defined. In the mouse, the I-E antigens are structurally and functionally homologous to the HLA-DR antigens and have been genetically mapped to the I region of the 17th chromosome. These Ia antigens, which include the related I-A locus product, are the products of the immune response genes. These genetic loci were first defined by the capacity of different strains of mice to produce an antibody response to. a defined protein antigen. It was later shown that the I-region antigens are expressed on the surface of antigen presenting cells (macrophages) and together with "antigen" stimulate I-region-restricted T helper cells to proliferate. However, the site and mechanism of action of the Ir gene effect remains to be fully clarified (2, 3) .
Until recently, there has been little information regarding the primary structure of the DR and Ia antigens. Current interest in the molecular biology of the major histocompatibility complex (MHC) has resulted in approaches to this information by using recombinant DNA methods. The primary structure ofthe HLA-DR heavy chain, as elucidated from the analysis of the gene that encodes it, is presented here. The sequence reveals that the DR heavy-chain gene has an exon encoding a sequence that is highly homologous to Ig and to other Ig-homologous domains of the transplantation antigens-the a3 region of HLA-B7, f2-microglobulin (,82m), and the (2 region of DR light chains. These data together with recent sequence data and structural work (4) (5) (6) on the DR light chain suggest a structure for the DR and Ia antigens that is similar to the structure for the class I transplantation antigens-HLA-A, -B, -C and H2-K, -D, -L (7, 8) .
MATERIALS AND METHODS
Isolation of Genomic Clones. Genomic clones for the HLA-DR heavy chain were isolated from the Hae III/Alu I partial library of human fetal liver DNA in Charon 4A [kindly supplied by T. Maniatis (9) ] by hybridization with labeled Pst I/Bgl II fragment from pDRH-2 (10). DNA from positive phage was isolated and digested with EcoRI and a 3.2-kilobase (kb) band hybridizing with pDRH-2 was identified by hybridization after transfer to nitrocellulose paper. The DNA from one of these phages (ADRH6A) was digested with EcoRI and ligated to phosphatase-treated EcoRI-cut pUR222 (11) . This mixture was used to transform competent F-Z-M15recA cells and plated on 5-chloro4-bromo-3-indolyl3-,BD-galactoside indicator plates. White colonies were screened and a clone containing the 3.2-kb EcoRI fragment was grown [pUR5(3.2RI)].
cDNA clones for the heavy chain of HLA-DR were isolated from a library prepared from size-fractionated mRNA from the JY (DR4, w6) cell line by hybridization with the 3.2-kb EcoRI fragment of ADRH6A (12) . All sequences were obtained by using the method of Maxam and Gilbert, substituting 60% formic acid for A+G-specific cleavage reaction (13) . S1 Nuclease Mapping. pUR5(3.2RI) was digested with Bal I and the 3' ends were labeled with 32P-labeled nucleotide triphosphates by T4 DNA polymerase (14) . The DNA was hybridized with 20 pug of total JY mRNA and digested with S1 nuclease as described by Berk and Sharp (15) .
Computer Analysis. The comparison of the HLA-DR heavy chain sequence to other proteins was performed by W. Barker of the National Biomedical Research Foundation (Washington, DC) using the ALIGN program (16) (see Table 1 ).
RESULTS AND DISCUSSION
Isolation of Genomic Clones. The isolation of a cDNA clone (pDRH-2) coding for 31 amino acids ofthe DR heavy chain and the entire 3' untranslated region of the mRNA after immunopurification of polysomes by a monoclonal antibody against the isolated DR heavy chain has been reported (10) . A human genomic library of DNA fragments in Charon 4A (9) was screened by hybridization with pDRH-2. Four independently hybridizing clones were isolated, each of which contained a 3.2-kb EcoRI fragment that hybridizes with pDRH-2. In addition, 32p-labeled cDNA complementary to purified HLA-DR heavy Abbreviations: kb, kilobase(s); bp, base pair(s); MHC, major histocompatibility complex; P2m, 82-microglobulin; C region, Ig constant region; DR, DR-H, and DR-L, HLA-DR antigen(s) and its heavy and light chain(s).
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The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. chain mRNA hybridized with the 3.2-kb EcoRI fragment. In hybridizations to EcoRI-digested genomic DNA, Lee et aL (17) reported a single band of 3.4 kb hybridizing with their nearly full-length clone for the HLA-DR heavy chain. These data suggest that the DR heavy chain gene is a single-copy sequence.
The 3.2-kb EcoRI fragment from one ofthe A genomic clones (ADRH6A) was subcloned into the EcoRI site of pUR222 (11) .
The organization and nucleotide sequence of the coding portions of the DR heavy chain gene and some of the introns contained in this subelone are presented in Fig. 1 (Fig. 3) . These homologies correspond to the alternatingpattern of hydrophobic amino acids whose side chains fill the internal spaces between two faces of a C region. These faces are composed of four (3-strands that form the x-face (fx1-4) and three (3-strands (fyl-3) that form the y-face on the opposing side. For example, the sequence in fy2 consisting of Tyr(or Phe)-X-Cys-X-Val-X-His is highly conserved in C regions and is present in all the sequences examined. When the residues in a /3-strand are not identical, they are often replaced by similar hydrophobic residues. It is in the bends or non-3 pleated segments, bl-6, (20) , Cm (21) , CY (22) , CK(23), CA (24) ] and HLA-A, -B (7), 02m (25) , DR light chain (5), and Thy-1 (26) (25) , and Ig CH,3 (22) . The alignments are made to illustrate those features that are held in common with the structure of a C region determined by x-ray crystallography. The underlined segments refer to stretches of 3-pleated sheet, whereas underlined residues refer to those amino acids that reside in the internal portion of the folded Ig domain (28) .
where amino acid sequence homology is poorest and where deletions and insertions are frequently found in C regions. In addition, the fx3 strand is the least conserved among C regions and this segment also appears dissimilar between HLA-DR-H, HLA-DR-L, HLA-B7, and Aim. The fx3 strand forms the fewest interdomain contacts between two C regions (28) . The close relatedness of these sequences has also been unequivocally demonstrated statistically by using the ALIGN program (Table   1) .
Included in the homology comparison (Fig. 3) is part of the sequence of the human DC1 heavy chain. By using the DR-H genomic clone as a hybridization probe; a cDNA clone encoding the sequence of the heavy chain of this second HLA-DR locus has been identified (12) . In addition, the DC1 heavy chain has been isolated and its amino terminus has been sequenced (R. Bono, personal communication). This chain is the human equivalent ofthe murine I-Aa chain. The sequence of the a2 domain of the DC1 heavy chain (amino acids 88-181) has a 65% amino acid sequence homology to the DR heavy chain in this domain, with considerable blocks of identity. Those features that are indicative of strong homology to Ig have been conserved. These include (i) the invariant cysteines and typtophan and (ii) strong homology around the cysteines.
The relatedness of the Ig-homologous domains in the class I and class II transplantation antigens has also been analyzed at the nucleic acid level. The nucleotide sequences oftwo blocks around the first and second cysteine of the Ig-homologous domains of HLA-DR-L (6), HLA-A, -B (30), and fam (25) The Connecting Peptide-Transmembrane-Intracytoplasmic Exon. A single exon encodes amino acids leading from a2 to the membrane (the connecting peptide), the transmembrane region, and intracytoplasmic domain, in addition to a stop codon and 11 bp of the 3' untranslated region. The 3' and 5' boundaries ofthis exon were determined by comparison to the cDNA clones, pDRH-2, and pDRH-3, respectively. The exon begins at amino acid 179 with a stretch of 13 amino acids rich in proline and glutamic acid. High concentrations of papain cleave the heavy chain in native HLA-DR at a site in the extracellular portion ofthe molecule (31) (6, 32 
